Studies of single cardiac fibers predict that intraventricular conduction should exhibit time-, as well as voltage-dependent changes, when the myocardium is depolarized with potassium and/or is exposed to lidocaine. To test this hypothesis, we measured H-V intervals and QRS durations for nonpremature responses (voltagedependent conduction) and premature responses (time-dependent conduction) in intact dog hearts paced from the right atrium or His bundle at a basic rate of 1.5-2.0/sec. Hyperkalemia to a maximum plasma level of 9.6 DIM was induced by infusing KCI. Lidocaine was administered to achieve plasma levels of 2-4 /ig/ml. Premature stimuli were applied to the His bundle no earlier than the end of the T wave in order to avoid stimulating incompletely repolarized fibers. For the nonpremature responses, prolongation of the H-V interval and QRS duration did not routinely occur until K + = 8.0 mM. even in the presence of lidocaine. At higher K + levels, this voltage-dependent slowing of conduction became more pronounced and was exaggerated by lidocaine. For the premature responses, prolongation of H-V intervals and QRS durations occurred before voltage-dependent conduction slowing appeared. This time-dependent slowing of conduction became more pronounced at higher K + levels and after lidocaine administration. These results validate the results of single fiber studies and are pertinent to an understanding of arrhythmias associated with hyperkalemia and myocardial ischemia and the antiarrhythmic effects of lidocaine.
A DECREASE in conduction velocity is one of the factors contributing to the development of reentrant arrhythmias. 1 For this reason, an understanding of the factors that alter conduction velocity is essential to an understanding of the genesis of such arrhythmias. Conduction velocity is determined by the rate of depolarization of the individual cells, the cable properties of the fibers, and the resistance to the flow of current between adjacent fibers. Of these, the rate of depolarization of the individual cells (that is, the rate of rise of the action potential upstroke) is probably one of the more important factors.
It is well known that the maximum rate of rise of the action potential upstroke (V max ) decreases as the resting membrane potential is made less negative by depolarizing current or an increase in the extracellular potassium (K + ) concentration. 2 The diffuse slowing of conduction and widening of the QRS complex associated with an increase in extracellular K +3 -4 is attributed to this voltage-dependent change in V max .
Recent studies of single cardiac fibers have established that V max is also time-dependent. 5 The time-dependent factor becomes more pronounced as the resting potential is made less negative and is responsible for the decrease • n V max of premature action potentials arising from fully repolarized fibers. 5 If the single fiber studies are pertinent to the intact heart, then time-as well as voltage-dependent slowing of intraventicular conduction should occur when the myocardium is depolarized by an increase in extracellular K + or by myocardial ischemia. Moreover, since lidocaine has been shown to exaggerate the changes in V max which occur in partially depolarized single fibers,"' 7 we would anticipate that the drug should exaggerate the changes in conduction referred to above. This study was designed to test these hypotheses.
Methods
We studied thirty mongrel dogs, weighing 10-19 kg, anesthetized with sodium pentobarbital (30 mg/kg), intravenously. A Harvard respirator provided mechanical ventilation through a cuffed endotracheal tube. Arterial blood gases were monitored routinely (Model 27; Radiometer, Copenhagen) and maintained in the normal range by adjusting the ventilator. The heart was exposed by either a midsternal incision or an incision in the 5th intercostal space and was suspended in a pericardial cradle. The epicardial surface temperature was maintained at 36°-37°C by a warming lamp. X, Y, and Z orthogonal lead ECGs 8 and His bundle electrograms, recorded between 40 and 500 Hz through bipolar plunge electrodes inserted into the His bundle 9 or a French No. 5 bipolar electrode passed via the carotid artery to the noncoronary cusp of the aortic valve, 10 were displayed on a Honeywell 8channel Visicorder (model 1508 B) and recorded at a paper speed of 200 mm/sec. In four experiments, bipolar electrograms were recorded from the anterior right ventricular wall and the apex of the left ventricle by hook electrodes approximately I mm apart and insulated to the tips. The distal and proximal poles of each electrode pair were combined into a composite lead" and recorded between 400 and 500 Hz, along with the ECG signals, on a Honeywell tape recorder (model 5600) at 3 3 A inches/ sec. To expand the signals and thereby permit their more accurate measurement, the tape was played back at l 7 /» inches/sec, and the signals were recorded at a paper speed of 200 mm/sec. We also expanded specific portions of the record photographically. In some experiments, septal bipolar electrograms were recorded, and in some, ventricular monophasic action potentials were recorded with suction electrodes 12 from the right or left ventricular surface.
The sinoatrial node was crushed and the heart was driven by rectangular pulses of 1.5-2.0 msec duration and 1.5 times diastolic threshold strength introduced into the right atrium or the His bundle through bipolar stimulating electrodes. His bundle pacing was used to achieve early premature or rapid stimulation of the ventricular conducting system. In these situations, atrial stimulation was inadequate because of the associated slowing of atrioventricular conduction. The His bundle was stimulated through the bipolar His electrogram recording electrodes which were positioned by first recording the His bundle potential. Such stimulation was considered valid if the QRS complex in all three orthogonal leads associated with a stimulus of 1.5 times threshold strength was of the same configuration and duration as that recorded during sinus rhythm and/or atrial pacing 9 and if the interval from the His stimulus spike to the onset of the QRS complex, referred to as the "H-V" interval, was the same as the H-
K=3.5
V interval recorded during supraventricular pacing (Fig.  1 ). The equality of these measurements at all plasma K + levels studied ( Fig. 2 ) confirmed the earlier results of Scherlag et al. 13 which were obtained at an unspecified K + level and were regarded as justification for the assumption that the "H-V" interval of the premature response was equal to the true H-V interval (see Discussion).
The basic driving rate was the slowest rate capable of overdriving the spontaneous rhythm, usually 1.5-2.0 beats/sec. The "H-V" interval, QRS duration, and the interval between the spikes of the right and left ventricular electrograms associated with this driving rate were considered to be the steady state or voltage-dependent values.
To determine non-steady state, i.e., time-dependent values, premature stimuli of 1.5-2.0 msec duration were introduced from a second stimulator connected in series with and triggered by the first stimulus. At least eight nonpremature responses preceded each premature stimulus. The interval between the nonpremature and premature stimuli was decreased progressively by 10-20 msec, and the associated intervals were expressed as a function of the interval from the end of the nonpremature T wave to the premature His electrogram or to the onset of the premature QRS complex. These intervals are referred to as diastolic intervals. Although it sometimes was difficult to determine precisely the end of the T wave from the ECG leads, we used the same point in each series and, when possible, used the T wave in the septal electrogram or the end of the ventricular monophasic action potential recorded by the suction electrodes, whichever occurred later.
In order to avoid including responses that may have originated in incompletely repolarized fibers, we limited our analysis to premature responses induced by His stimuli K=7.0 occurring no earlier than the end of the nonpremature T wave or the end of the ventricular monophasic action potential. Thus, a diastolic interval of 0 msec for the His-Purkinje system occurred when the His stimulus coincided with the end of the T wave or monophasic action potential. The diastolic interval for the ventricular myocardium associated with this stimulus was then equal to the interval from the His stimulus to the onset of the premature QRS complex, i.e., the "H-V" interval. We also limited our analysis to QRS complexes, which were similar in shape in all three orthogonal leads to the QRS complexes in the nonpremature responses. We studied the effects of increasing K + concentration on the "H-V" interval and QRS duration of the nonpremature and premature responses. Plasma K + was changed by infusing various quantities of isotonic KG into the femoral vein at a rate of 1-2 mEq/min. To facilitate the maintenance of the elevated K + levels, we ligated the renal pedicles prior to the infusion. The end points of the K + infusion were: (1) peaking of the T wave, (2) QRS widening of 10-20%, and (3) QRS widening >25%. By waiting for various periods of time after each end point, we were able to survey the effects of K + levels between 2.6 and 9.6 mM, as determined by flame photometric measurement of duplicate specimens. K + values were determined before, during, and after the sequence of premature beats. The measured conduction times associated with the premature stimulation were rejected if the K + values determined at these times differed by more than 0.5 mM.
We also determined the effects of lidocaine at the various K + levels. Lidocaine was administered into the femoral vein as a bolus of 2 mg/kg, followed by a constant infusion of 4.3 mg/kg per hour.' 4 This procedure produces plasma lidocaine levels of 2-5 /ng/ml. 14 Representative plasma lidocaine levels were determined to confirm that such blood levels had been achieved.* The effects of lidocaine on conduction were tested 20 minutes after the bolus injection. The diastolic threshold was determined prior to each set of determinations, and the stimulus strength was adjusted as necessary to remain at 1.5 times threshold voltage.
The accuracy of the measured intervals, as determined by comparison of the analysis of each author, was ± 2 msec for the "H-V" interval and ± 5 msec for QRS duration. Statistical analysis was performed with Student's f-test.
Results
The steady state effects of increasing K + in the absence and presence of lidocaine are illustrated in Figure 3 . The data in this Figure were obtained from 16 dogs at K + concentrations between 2.6 and 9.0 mM. In all experiments, "H-V" intervals and QRS durations were determined at the same plasma K + levels before and after lidocaine administration. Figure 3 shows that increasing K + in the absence of lidocaine did not cause significant prolongation of the H-V interval or QRS duration until K + was approximately 8.0 mM. Lidocaine exaggerated this prolongation but did not induce significant prolongation at lower K + concentrations.
The effects of prematurity at various K + levels before and after lidocaine administration are illustrated in the representative experiment shown in Figure 4 . The values for the various intervals are contained in Table 1 . In this experiment, His stimulation was employed. The basic, steady state cycle length (CL) was 450 msec throughout Table I . the experiment. When K + was 3.7 mM ( Figure 4A , left), the premature stimulus (CL 320), occurs approximately 5 msec beyond the end of the T wave (the diastolic interval for the His bundle) and induces a response in which neither the H-V interval nor the QRS duration is prolonged. That is, no time-dependent slowing occurred. Raising K + to 9.1 min prolonged all steady state values. The premature stimulus (CL 330 msec) falls approximately 30 msec beyond the end of the T wave (diastolic interval for the His interval). The diastolic interval for intraventricular conduction, which equals the His diastolic interval plus the "H-V" interval, is 88 msec. As shown in Table 1 , all measured intervals are further increased for the premature response. This represents the addition of time-dependent conduction slowing to the steady state effect. Figure 4B shows the effect of lidocaine on conduction at a K + concentration of 7.6-7.7 mM in the same experiment. The pre-lidocaine steady state values associated with this level of K + are not changed from those recorded at K = 3.7 mM. A slight prolongation of the QRS duration and the interval between the right and left ventricular electrograms is observed for the premature response (CL 290). The diastolic intervals of this premature response are longer than those associated with the premature response illustrated at K + = 3.7 mM because of the shorter Q-T interval associated with the K + of 7.6 mM. Following lidocaine administration, the conduction intervals of the nonpremature response are prolonged, indicating steady state conduction slowing. Greater prolongation is observed with the premature response indicating the addition of time-dependent conduction slowing.
The combined effects of increasing K + , prematurity, and lidocaine are shown in Figure 5 , A and B. The results obtained in this group of experiments allowed us to separate the data on the basis of the ranges of plasma K + shown in the figures. There were 12 observations at K + concentrations of 2.6-5.4 mM, 15 at K + concentrations of 5.5-7.9 mM, and 10 at K + concentrations greater than 8.0 mM. The data are presented as the percent increase from the steady state value when K + was less than 5.5 mM. At this K + level, there was no change in conduction with prematurity or following lidocaine administration. When K + was between 5.5 and 7.9 mM, slight slowing of conduction of the earliest premature responses occurred. Lidocaine caused no statistically significant change in steady state conduction but exaggerated the slowing of conduction of the early premature responses. When K + was greater than 8 mM, statistically significant slowing of conduction of the nonpremature (steady state) responses occurred and became more pronounced for the early premature responses. As a result, the "H-V" interval was prolonged by 75% and the QRS duration by 60% for the earliest premature responses. Lidocaine exaggerated these steady state and time-dependent changes and caused more than 120% prolongation of the "H-V" interval and QRS duration for the earliest premature responses arising after the T wave, i.e., from completely repolarized fibers, as compared to the steady state values when K + was less than 5.5 mM.
We limited our analysis to premature responses induced by stimuli introduced no earlier than the end of the T wave in order to avoid stimulation of incompletely repolarized fibers. Thus, we did not analyze QRS complexes having a preceding diastolic interval of less than 25 msec, i.e., the "H-V" interval. Moreover, we rarely observed QRS prolongation without simultaneous "H-V" prolongation, and the magnitude of the "H-V" and QRS changes were similar. Thus, the possibility that changes in QRS duration were due to slowed conduction in the His-Purkinje system rather than to intrinsic slowing in the ventricular myocardium could not be excluded. We therefore performed experiments in which we stimulated the epicardial surface of the right ventricle in an attempt to separate slowing of intramyocardial conduction from slowing of Premature (msec) = 3.7 (Fig. 4A, left (Fig. 4A, right His-Purkinje conduction. The results of such an experiment are illustrated in Figures 6 and 7 . We evaluated intramyocardial conduction by measuring the interval from the right ventricular stimulus spike to the spike of the left ventricular electrogram as well as by measuring the QRS duration. The results indicate that the effects of prematurity on these parameters of conduction were similar and show time-dependent conduction slowing in the absence of steady state slowing when K + was increased to 6.1 miu. The results suggest that the intramyocardial slowing was independent of His-Purkinje slowing. Similar results were obtained in two other experiments.
The time-dependent effects of the increased K + -lidocaine combination would be expected to slow conduction at rapid rates. Figure 8 illustrates the results of an experiment in which the rate of His bundle stimulation was increased from 2.5 to 5.0/sec when plasma K + was 4.5 miu without lidocaine, and when plasma K + was 8.2 miu with lidocaine. The "H-V" interval and QRS duration, plotted as a function of both cycle length (left) and diastolic intervals (right), show the anticipated rate-dependent conduction slowing induced by the combination of hyperpotassemia and lidocaine in responses arising well after the end of the T wave, i.e., from completely repolarized fibers. The independent effects of the high K + and lidocaine cannot be separated in this experiment.
Discussion
Under the conditions of our experiments, conduction velocity in the intact heart is time-as well as voltagedependent. In our studies of single cardiac fibers, we showed that the interval required for V max to regain its steady state, voltage-dependent value after a preceding depolarization became progressively longer as the resting potential was made less negative by adding KG to the perfusate. 5 ' 6 In these studies, resting potential, V max , completion of repolarization, and the interval from the end of the repolarization to the onset of depolarization, i.e., electrical diastole, were measured accurately and their relationship defined precisely. Such precision is not possible for the intact heart. It is possible to estimate the changes in resting membrane potential associated with an increase in extracellular K + and thereby estimate the anticipated changes in V max . This estimate of resting membrane potential depends on a knowledge of intracellular K + concentration or activity and the assumption that intracellular K + does not change when extracellular K + is increased, an assumption recently validated.' 5 It also is possible to estimate the completion of ventricular repolarization from the end of the T wave or the end of the epicardial monophasic action potential. This estimate is necessary for two reasons: (1) to avoid stimulation of incompletely repolarized fibers which would introduce a voltage-dependent factor and (2) to calculate the duration of electrical diastole. We have assumed that introducing stimuli into the His bundle no earlier than the end of the T wave would prevent the depolarization of incompletely repolarized His bundle fibers. It is well known that the duration of action potentials within the specialized conduction system exceeds the duration of the ventricular myocardial action potentials." 1 However, we have assumed that the time required for the impulse to traverse the conducting system and myocardium, i.e., the "H-V" interval and QRS duration, would provide the time required for the His bundle to repolarize completely before the end of the T wave.
It is also possible that repolarization of some ventricular fibers occurs after the end of the T wave, i.e., may represent silent repolarization. However, we have assumed that, even in this situation, the time required for a stimulus introduced into His bundle to travel through the conducting system and myocardium would provide the time for these fibers to become fully repolarized prior to a subsequent depolarization. The lack of "H-V" or QRS prolongation in premature responses induced by stimuli coincident with the end of the T wave when the K + concentration was less than 5.5 min suggests that these J FIGURE 6 Representative experiment in which right epicardial pacing was employed. CL = cycle length; X, Y, and Z = orthogonal ECC leads; STI = stimulus artifact = EG LV = left ventricular eleclrogram; and MAP = ventricular monophasic action potential. The numbers below Y lead indicate QRS durations (msec). The numbers below Z lead indicate the interval (msec) from the stimulus artifact to the spike of left ventricular electrogram. On the right are photographically expanded superimposed tracings of the premature QRS (broken line) and preceding nonpremature QRS (solid line). In A (K =3.2), no timedependent slowing occurred at a cycle length of 295 msec, whereas, in B (K = 6.1), time-dependent slowing in the absence of steady state change occurred at cycle length of 315 msec. various assumptions were justified and indicates that we were able to avoid stimulating incompletely repolarized fibers.
An increase in extracellular K + decreases action potential duration in both the conducting system and ventricular myocardium."'• " Moreover, it decreases the differences between action potentials of different durations by causing greater shortening in the action potentials with longer durations. 17 ' ' 8 Lidocaine also shortens action potential duration. 19 As a result, the likelihood of stimulating incompletely repolarized His bundle fibers by stimuli applied at the end of the T wave would be lessened when the K + concentration was increased and would be even less likely after the addition of lidocaine in the presence of hyperkalemia. Thus, the "H-V" and QRS prolongation seen in premature reponses induced by stimuli falling beyond the end of the T wave when plasma K + was raised and lidocaine administered almost certainly can be attributed to conduction slowing in completely repolarized fibers, i.e., time-dependent slowing.
We have not ruled out the possiblity that some of the prolongation of the "H-V" interval that occurred in the presence of the increased K + and lidocaine was due to an increase in the latency from the excitation of the stimulated fibers to the onset of the propagated excitation wave. To do so would require recording techniques in the intact heart which are beyond the scope of our present capabilities. However, such a latency effect, if present, would not account for the steady state prolongation of the true H-V interval which occurred during atrial stimulation (Fig. 2) or the time-dependent slowing of intramyocardial conduction reflected by the widening of the QRS complex which occurred in the premature responses and when the rate was increased ( Figs. 4-8) .
The shortest diastolic interval for intramyocardial conduction that we have considered was equal to the "H-V" interval when the His stimulus coincided with the end of the T wave. The precise value of this interval requires knowledge of the action potential duration in those fibers whose depolarization is responsible for the initial portion of the QRS complex. In the absence of this knowledge, our values are semiquantitative at best. However, any changes in the value of these intervals would not alter the conclusion of the study, nor would our conclusions have been altered by expressing conduction times as a function of cycle length or coupling interval rather than as a function of diastolic interval (Fig. 8) . However, such a presentation would not have permitted the direct correlation of our results with the single fiber studies 5 which showed that the time following the return of transmembrane voltage to the resting level, i.e., the diastolic interval, was the critical parameter determining the timedependent effects.
Steady State Effects
The steady state effects of an increase in plasma K + which we observed confirm the studies of Ettinger et al. 4 in which slowing of His-Purkinje and intramyocardial conduction was observed when the plasma K + exceeded 8.0 mM. If changes in steady state conduction velocity are due to changes in V max , then the 25-30% slowing of steady state conduction that we observed at a K + concentration of 8.0 mM would indicate a similar decrease in V max . An increase in extracellular K + concentration from 4 to 8 mM should reduce the resting potential from approximately -90 mV to -72 mV, assuming an intracellular K activity of 135 ITIM. 1S The decrease in V max associated with this change in resting potential would be appropriate to explain the prolongation of steady-state "H-V" interval and QRS duration.' 2 ' 5 " 7 The absence of significant steady state conduction slowing at K + levels less than 8.0 mM is consistent with the relationship between resting potential and V max , 2 ' 5 since the curve defining this relationship shows relatively little change in V max at membrane potentials more negative than -75 mV. Studies in squid axon 20 and mammalian ventricular muscle 21 have suggested that an increase in the extracellular K concentration may decrease V m!lx by a mechanism which is independent of the change in membrane potential. However, other observations 2 "' 7 indicate that at extracellular K values below 10-15 ITIM, the change in V max can be attributed solely to the decrease in membrane potential. Thus, the steady state slowing may be considered to be voltage dependent.
Time-Dependent Slowing
Our results indicate that an increase in plasma K + concentration induces a time-dependent slowing of conduction of premature responses arising after the end of the T wave and therefore from completely repolarized fibers. This effect was apparent at K + concentrations between 5.5 and 7.9 miu when no steady state (voltagedependent) change was observed. At K + values above 8.0 ITIM, the time-dependent effect became more pronounced and was additive to the steady state change. In studies on single fibers, the time constant of the recovery of V max after a preceding depolarization was less than 20 msec when the resting potential was more negative than -80 mV, but it increased to more than 100 msec at membrane potentials between -70 and -60 mV. 5 This effect is attributed to the kinetics of the recovery from inactivation of the rapid sodium (Na) system. Such timedependent slowing has been demonstrated in fibers surrounding the sinoatrial node 22 and in fibers of the AV junction 23 as well as in Purkinje, ventricular, and atrial fibers under a variety of conditions. s~7 ' 242S However, the effect has not been demonstrated previously for the conducting system and myocardium of the intact mammalian heart. The changes we observed are more likely due to a decreased rapid inward (Na) current than to the slow inward Ca-sensitive current, since the ranges of potassium studied should not have totally inactivated the Na system.
Our results may be pertinent to the genesis of arrhythmias associated with hyperpotassemia and myocardial ischemia. Hyperpotassemia causes ventricular fibrillation as well as cardiac standstill. 2 " Indeed these were the causes of death of many of the dogs in this study. The combined time and voltage-dependent slowing of conduction of premature beats which we have shown to occur at K + levels above 8.0 ITIM would contribute to reentry. Myocardial ischemia also causes slow conduction within the ischemic zone. 1 ' 127 " 29 In addition, it has been shown that extracellular K + increases within the ischemic zone. 30 " 1 ' 111 The combined voltage-and time-dependent effects that we have demonstrated would slow conduction of early premature beats by as much as 100% if the extracellular K + within the ischemic zone had risen to more than 8.0 HIM. There would be even greater slowing of responses arising from incompletely repolarized fibers or from fibers in an area with an extracellular K + concentration greater than 8.0 ITIM. The postrepolarization refractoriness reported by Lazzara et al. 34 may be related to this time-dependent slowing of conduction.
The precise magnitude of the increase in interstitial K + associated with myocardial ischemia is unknown. Harris showed that the K + concentration in the venous blood draining an ischemic area increased to approximately 7.0 niM." Similar results have been reported by other workers. 31 " 33 It is reasonable to assume that the K + value in the interstitium of an ischemic area rises to considerably higher values.
Lidocaine
The effects of lidocaine observed in this study also can be explained in terms of the drug's effect on the electrophysiological properties of the single cell. Lidocaine causes a shift in the steady state membrane potential-V max relationship such that the membrane potential associated with a 50% decrease in V max occurs at a more negative value."-7 In addition, lidocaine causes a dosedependent prolongation of the time required for V max to regain its steady state value following a preceding depolarization."-7 Because of this prolongation of recovery, the decrease in V max is dependent on heart rate/ 15 -:l " The decrease in V max in atrial, ventricular, and Purkinje fibers bathed in solutions having an increased extracellular K + concentration 37 -'' 8 or depolarized by ischemia, 39 and the steady state conduction slowing induced by lidocaine at K + levels above 8.0 HIM in this study are consistent with the effects observed in the single fiber studies."-'
Lidocaine does not slow conduction in the non-ischemic myocardium but does cause slowing of conduction in the ischemic myocardium' 4 -29 which becomes more marked as the rate is increased. 29 These results may be explained by both the steady state and time-dependent effects of lidocaine demonstrated in this report and in the previous single fiber studies."-:l5 These studies support the concept 39 that the antiarrhythmic effect of lidocaine in reentrant arrhythmias is due to a slowing of conduction in depolarized tissues and might be best explained by the transformation of undirectional into bidirectional block.
